Abstract The elimination of organic trace compounds in municipal wastewater was analysed at three German wastewater treatment plants. Additionally, the effects of advanced treatment, membrane filtration, adsorption and oxidation processes were investigated. To assess the ecotoxicity of effluents, a number of tools were used: substance-specific evaluation, case studies for combined effects and risk assessment on the basis of cumulative parameters. The results of the research projects revealed that aquatic environmental risks can be reduced significantly using advanced treatment technologies for wastewater treatment plants.
Introduction
The release of organic substances such as cleaning agents, personal care products or pharmaceuticals with wastewater has increased with the amelioration of society's living standards. For many of these substances the sewer system and wastewater treatment plants (WWTPs) are possible sources resulting in a contamination of surface waters. Previous research projects showed that conventional WWTPs are limited in eliminating the mentioned compounds; hence the application of additional technologies has to be assessed.
The University of Dortmund and the Deutsche Projekt Union (DPU GmbH) were assigned by the Ministry for the Environment of North Rhine-Westphalia (MUNLV NRW) to conduct two research projects dealing with the elimination of organic trace compounds in conventional wastewater treatment plants and the effectiveness of different additional advanced treatment technologies such as membrane filtration, adsorption with activated carbon or oxidation processes.
Methods
Within the scope of the projects more than 70 organic micropollutants, including pharmaceuticals, endocrine disrupting compounds and personal care products, were analysed at different measuring points in three large WWTPs to specify the different processes of elimination. In addition, investigations on a pilot plant and in labscale were made. The elimination of more than 40 substances with advanced treatment technologies was analysed.
Possible benefits for the aquatic environment using ozonation as one possible additional treatment stage were evaluated. Therefore, effluent concentrations of conventional WWTPs with and without a follow-up ozonation were compared. Because of the high number of substances, their effluent concentrations and different effects on the environment, an environmental, risk assessment approach was used.
This risk assessment was divided into the following three sections: † substance-specific assessment on the basis of possible target values for single substances; † case studies for combined effects of several substances; † risk assessment on the basis of cumulative parameters.
Results and discussions
For substance-specific evaluations, measured effluent concentrations of the WWTPs and the concentration after ozonation were compared. To assess the potential ecotoxic effect, target values for all single substances had to be investigated. Existing quality targets from various sources were taken into account, supplemented by further values from EU risk assessment reports and the peer-reviewed scientific literature. † Existing target values: defined by the LAWA ( federal-state-organization), German regulations and Water Framework Directive, Annex X. † Predicted no effect concentrations (PNEC): these values represent concentrations without negative effect on the aquatic environment. According to the "Technical guidance document on Risk Assessment Part II" (EU, 2003) safety factors between 10 and 1,000 were chosen for toxicological parameters (LC 50 , NOEC or EC 10 ), depending on the number and conditions of the ecotoxicological tests. † Derived target values: for substances with an insufficient data base, target values were developed. Therefore, known effect relations between substances with similar structures were transferred. † Fixed criteria: due to the high number of substances without adequate target values determinations were recommended. The basis for this procedure was publications of the German Federal Environment Agency (UBA). As well as target values for single substances the effluent concentrations were used as 90-percentile. Both concentrations, with and without subsequent treatment with ozone, were divided by the corresponding target value. The ratio presents the risk quotients. Figure 1 shows the comparison of the risk quotients for the analysed substances after conventional treatment and after oxidation with ozone.
The target values after conventional treatment are exceeded by 15 of 42 substances (risk quotient . 1). The highest relevance occurs for bisphenol A (BPA) (excess by the factor 400). BPA shows a worst case PNEC value of 0.8 ng/L, as actual research results demonstrated (EU, 2006) . High relevance also exists for synthetic and natural oestrogens Figure 1 Substance-specific assessment before and after ozonation F. Schwä tter et al.
as well as tributyltin although the effluent concentration does not exceed 6 ng/L. Using ozonation the risk quotients decreased by the factor 17 (mean value). Most values, in particular those for pharmaceuticals, dropped under the limit of quantification.
Implementing the substance-specific assessment, no other effect on one or more test organisms, caused by a single substance, can be described. The method strongly depends on the selection of the PNECs and safety factors. Here, further investigations are required. In addition, the potential impact of "cocktails" of e.g. pharmaceuticals is disregarded. In spite of low effluent concentrations of single substances the overall effect needs to be investigated.
The investigations on combined effects relate also to the exposure of combined effects of mixtures of substances. This has a high relevance especially for substances showing comparable impacts on organisms, such as endocrine disruptors or pharmaceuticals utilised for identical indicators. For in vitro systems it was shown that substance mixtures could have strong oestrogenic effects although single substances were present well below their individual threshold concentrations for the effect Silva et al., 2002) .
Within the research project two case scenarios demonstrate the environmental risk of substance mixtures. At first the effect of chemicals and pharmaceuticals with oestrogenic effects as well as natural hormones were investigated. The second part deals with the impact caused by b-receptor blockers.
The relevance of the combined effect of oestrogens, xeno-oestrogens and industrial chemicals was investigated separately for fish and freshwater snails. For every substance the effect concentrations (NOEC or EC 10 ) and their relative effect related to 17a-ethinyloestradiol (EE2) were considered. The fish-related risk assessment demonstrated that the risk quotient for oestrogenic effective substances exceeded 1 significantly at the three WWTPs (5.5 -14.2). Thus a potential hazard for fish populations occurs. The result is almost solely based on the natural oestrogens 17b-oestradiol and oestrone. The impact of industry products is negligible.
Risk assessment on basis of snails resulted in different conclusions. The risk quotients likewise exceed 1 significantly (98 -367). However, in comparison with fish, snails show a minor sensitivity for the natural hormones and ethinyloestradiol. In contrast, industrial chemicals have a stronger impact on snails (Figure 2 ).
Summarising these results it becomes obvious that different taxa differ significantly in their sensitivity for substances with similar modes of action. Furthermore, substances from different sources, e.g. natural or industrial, could vary in their potential risk for different taxa.
For the case study for the combined effects of b-receptor blockers the effective limits for five substances (atenolol, bisoprolol, metoprol, propranolol, sotalol) were taken from literature or extrapolated in comparison with known data. To assess their toxicity the equivalent concentrations related to propranolol and the risk quotients were calculated. For the three WWTPs quotients ranged between 2.03 and 3.74. Again, a potential hazard for the aquatic environment cannot be excluded. With regard to the number of substances with similar active principles but not analysed in these tests, a higher risk factor has to be assumed.
In addition, data were compared with the results of ozone-treated samples (15 minutetreatment). The effect concentrations decreased by the factor 10 ( Figure 3) . The risk quotients for all three WWTPs dropped to 0.11. A negative impact on the environment is unlikely under the conditions of the applied model.
In the third part of the risk assessment the effluent quality was analysed using different cumulative parameters. The following methods were used to analyse the potential impact of wastewater before and after ozonation: † mutagenic tests; † cytotoxicity tests; † acute toxicity tests.
Oestrogenic (YES) and androgenic (YAS) screening assays
Mutagenic and acute toxic effects did not occur in water samples, either in the untreated sample or in ozone-treated water. Cytotoxicity was detected in one sample. A change of cytotoxicity for untreated or ozone-treated water could not be demonstrated.
The YES and YAS are screening assays on the basis of yeasts to assess the oestrogenic and androgenic activity of e.g. wastewater. For the interpretation of the test results two important facts have to be considered. Oestrogenic and androgenic effects do not cancel each other out. Their active principles represent different parts of the hormone system. Additionally, the tests integrate effects of all substances of a water sample, compounds acting like natural hormones, binding to receptors and activating these receptors (agonist). These substances have an oestrogenic or androgenic effect. Other substances also bind to the same receptors and do not activate but block them (antagonist). These substances have an anti-oestrogenic or anti-androgenic effect. Figure 4 shows the decrease of oestrogenicity, detected as oestradiol equivalents with the YES assay, in comparison to the elimination of BPA by ozonation. BPA was selected to represent the oestrogenic industrial chemicals. A correlation between the concentration of BPA and the YES assay was detected on the basis of several samples. It can be assumed that BPA has a strong influence on the results of YES assays.
The results of the YAS assay do not result in clear statements. By treating the water with ozone, for some samples the androgenic effect could be reduced. For other samples also a raising of the androgenicity could be detected. It became apparent that for the correlation of different substances with contrary effects in wastewater no clear statements could be made during the current stage of research.
Conclusions
The results of the research projects showed that effluents of conventional treatment plants pose a significantly higher risk for the aquatic environment than ozone-treated effluents. A treatment with sorption on activated carbon shows similar results. The optimisation of biological treatment with greater sludge ages or biomembrane reactors shows marginally lower effluent concentrations. However, the environmental relevance stays at the same level (MUNLV NRW, 2004; MUNLV NRW, 2006) .
